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Introduction
It is clear that in the course of parasitic invasion phagocytic host cells are activated. These cells produce reactive oxygen species (ROS) (Barnes, 1990; Conner & Grisham, 1996; Dzik, 2006) . An important protective function, inhibiting harmful effects of ROS produced by immune response effector cells in small intestine of the host, is played by anti-oxidative enzymes (superoxide dismutase, catalase, peroxidase, glutathione transferase and reductase) and small-molecule anti-oxidants, e.g. GSH. Activity of enzymatic and non-enzymatic anti-oxidative system is a very important factor, assuring protection of small intestine ...... mucous membrane in the host from the effects of oxidative stress accompanying inflammatory reaction (Conner & Grisham 1996; Gate et al., 1999; Oshima et al., 2003) . Inflammatory reaction induced by parasites in alimentary tract, especially in the small intestine of definitive host, is an expression of specific and intensified biochemical response not only at the local but also systemic level (Machnicka-Rowinska & Dziemian, 2003; Klion & Nutman, 2004) . Intensity of inflammatory process, occurring in the mucous membrane of host's small intestine invaded by parasites, depends on efficiency of defense mechanisms of the organism, which limit the extent of changes. Also, the type of invasion is important, especially the time of small intestine exposition to direct and/or indirect contact with the parasite (Barnes, 1990; Shin et al., 2009) . In light of current state of knowledge, the above relations apply also to parasitoses, in which the presence of the parasite does not induce significant anatomopathological changes in alimentary tract. Hymenolepis diminuta seems to be such an example. H. diminuta is a parasite of many species of rodents, especially mice and rats. It is mildly pathogenic for the host. H. diminuta invasions are mild, without clear clinical symptoms (Milazzo et al., 2010) . However experimental research performed in rats demonstrates that these invasions are accompanied by pathological changes in the mucous membrane of small intestine, such as: inflammatory infiltrations, flattening and shortening of intestinal villi, absorption disturbances, ion transport disturbances (Mettrick, 1980; Fal & Czaplicka, 1991; Starke & Oaks, 2001; Kosik-Bogacka et al., 2010) . In invaded rats the following effects were noted in small intestine: higher number of mucous cells, compromised intestinal motility and decreased rate of bowel transit. After 32 days since invasion, mastocytosis, or increased number of mast cells, was observed in mucous membrane of intestine, as well as hypertrophy of smooth muscle layer (Dwinell et al., 1994; 1997; 1998) . These changes were HELMINTHOLOGIA, 49, 4: 233 -240, 2012 Changes of enzymatic antioxidant system in the small intestine of rats after the chronic invasion by Hymenolepis diminuta (Cestoda, Hymenolepididae) noted in all parts of alimentary tract, which is connected with relatively large dimensions of the parasite and its migration through the intestine in circadian cycle, in response to food ingestion by the host (Podesta & Mettrick, 1977) . In spite of that, invaded rats live long and tapeworms, in the case of invasions not leading to overpopulation, remain in the intestines of the rat until its death, what may prove mutual adaptation in the setting parasite-host. Because the course of Hymenolepis diminuta parasitosis and range of adaptation of the host to parasitic invasion are not completely elucidated, the research aimed at evaluating changes in enzymatic anti-oxidative system of small intestine of rats, caused by H. diminuta invasion, with special consideration of old individuals, after long-lasting invasion.
Material and methods

Chemicals
Chemicals used in biochemical studies were purchased from the following sources: 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB), reduced glutathione (GSH), oxygenated glutathione (GSSG), thiobarbituric acid, sulfosalicylic acid, hydrogen peroxide, cumene peroxide, glutathione reductase, Tris base from Sigma; NADPH from MP Biomedicals, LCC. All nonorganic and other chemicals used in experiments were purchased from POCH (Polskie Odczynniki Chemiczne) Gliwice (Poland).
Animals
The study was performed on 12 sexually mature male Lew/Han rats (aged 8 -10 weeks). Animals were divided into 4 groups (each consisting of 3 rats). Two groups were subjected to infestation with Hymenolepis diminuta larvae, lasting 1.5 months and 1.5 years. Animals were invaded per os with H. diminuta cysticercoids, isolated from body cavity of intermediate host Tribolium destructor. Maturity of tapeworms was confirmed by searching for H. diminuta eggs in coproscopic examination. The other two groups were control, consisting of rats not invaded with H. diminuta tapeworm larvae. Rats exposed to short-and long-term invasion of tapeworms and control rats during quarantine (2 weeks) and during the course of the study, remained in controlled laboratory conditions and were fed standard feed (Labofeed H) with ad libitum access to water. After the conclusion of experiments, rats were sacrificed by intraperitoneal injection of Morbital. Small intestine was isolated from each rat and put into chilled 0.9 % NaCl. Tapeworms were removed from isolated intestines and fragments of intestines were sampled. Taking into consideration the ability of H. diminuta to move throughout alimentary tract, in the case of infested rats we harvested this part of intestine, where scolex and proximal part of the tapeworm was located (immature segments, developing organs) as well as the fragment of small intestine, where tapeworms' strobila was not found. At the same time, middle part of small intestine was taken from control rats. Each part sampled for examinations constituted 1/3 of the whole length of small intestine. This method of sampling host's small intestine with or without strobila of H. diminuta for examinations enabled the evaluation of parasitic invasion not only on this fragment of intestine, where the parasite was located, but also in all the intestine. Evaluation of oxidative stress parameters and activity of anti-oxidative enzymes in the middle portion of small intestine of rat not infested with H. diminuta seems to be the right control for comparison of intestinal anti-oxidative system in the parasite-host setting. Examinations were approved by the Local Ethical Committee for Experiments on Animals of Warsaw Medical University (Act no. 23, dated October 30, 2007) . Infestation of rats with H. diminuta tapeworm larvae, isolation of intestines and tapeworms was performed in the General Biology and Parasitology Department of Warsaw Medical University.
Preparation of tissue extracts
Immediately after harvesting, fragments of rat's small intestine were washed in 0.9 % NaCl and frozen in −70°C. After thawing, intestines were cut into smaller pieces and homogenized (five times 1 minute each, with 3-minute intervals) in 9 volumes of chilled 100 mM Tris-HCl buffer (pH 7.5), containing 5 mM MnCl 2 , 100mM KCl, 0.5mM PMSF (phenylmethylsulfonyl fluoride) and 1% (v/v) Triton X-100, with use of homogenizer Heidolph Diax 600 at 9500 -13000 rotations/minute. Obtained homogenates were subjected to 30-minute extraction on magnetic stirrer, and then frozen in −70°C. After 24 hours, homogenates were thawed and centrifuged for 30 minutes in 4°C at 12000 × g. Obtained supernatants (tissue extracts) were used for biochemical determinations. Prepared supernatants were kept at −70°C until the time of performing biochemical determinations.
Biochemical determinations
Markers of oxidative stress were determined in supernatants obtained from isolated small intestines of control rats, and after short-and long-term invasion of H. diminuta. These determinations included concentration of compounds reacting with thiobarbituric acid (TBARS), evidencing the level of peroxidation of lipids and concentration of reduced glutathione (GSH), as well as activity of anti-oxidative enzymes: superoxide dismutase (SOD1 and SOD2), catalase (CAT), total glutathione peroxidase (tot. GSHPx), selenedependent glutathione peroxidase (SeGSHPx), glutathione transferase (GST) and glutathione reductase (GSHR). Moreover, total protein concentration was estimated. All above determinations were performed in the Chair and Department of Biochemistry of Warsaw Medical University.
Determination of oxidative stress markers
Lipid peroxidation level was measured with the method of Ohkawa et al. (1979) . The method bases on determination of the concentration of substances reacting with thiobarbituric acid (TBARS) -maleic dialdehyde (MDA) and other, secondary lipid peroxidation products.
Concentration of reduced glutathione (GSH) was determined on the basis of method elaborated by Ellman (1959) and Sedlak & Lindsay (1968) . This method uses formation of a color product, which is formed in the reaction of GSH with 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB).
Determination of anti-oxidative enzyme activity
Activity of copper zinc superoxide dismutase (SOD1) (EC 1.15.1.1) was determined with use of RANSOD kit from RANDOX (Great Britain). In this method, superoxide radical anion is formed in the reaction of xanthine with xanthine oxidase, which in turn reduces 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyltetrazolium chloride, forming colorful formazan. Activity of manganese superoxide dismutase (SOD2) (EC 1.15.1.1) was determined according to Beauchamp & Fridovich method (1971) , modified by Oberley & Spitz (1984) . Superoxide radical anion formed in the reaction of xanthine and xanthine oxidase, reduces nitro blue tetra-
forming a colorful complex. Catalase activity (CAT) (EC 1.11.1.6) was determined according to Goth (1999) . The method is based on measuring the rate of hydrogen peroxide decomposition. Total activity of glutathione peroxidase (tot. GSHPx) (EC 1.11.1.9) was determined according to Wendel's method (1981) . In this method GSHPx catalyses oxidation of GSH, with participation of cumene superoxide. Activity of selene-dependent glutathione peroxidase (SeGSHPx) (EC 1.11.1.9) was determined on the basis of method described by Wendel (1981) as well as Paglia & Valentine (1967) . In this method Se-GSHPx catalyses oxidation of GSH with participation of hydrogen peroxide. Activity of S-glutathione peroxidase (GST) (EC 2.5.1.18) was determined according to the method of Habig et al. (1974) , using 1-chloro-2,4-dinitrobenzene (CDNB) as a substrate. Activity of glutathione reductase (GSHR) (EC 1.6.4.2) was determined according to the method described by Goldberg and Spooner (1983) . Oxidized glutathione was used as a substrate (GSSG). Concentration of proteins in supernatants was determined according to the method of Bradford (1976) . Measurement of absorbance in all determinations were performed on Shimadzu UV 1202 spectrophotometer. Activity of evaluated enzymes was expressed in U/mg of protein. GSH and TBARS concentration was expressed in μmol/mg of protein and nmol/mg of protein, respectively.
Statistical evaluation
All the results were presented as arithmetic mean from three independent experiments ± SD. Statistical analysis of obtained results was performed with use of STATISTICA 6.0 software. Differences between arithmetic means were deemed significant, if p ≤ 0.05. In order to determine the effect of invasion (presence of tapeworm's strobila in rat intestine) and time of invasion (1.5 months and 1.5 years) on the level of oxidative stress parameters and activity of anti-oxidative enzymes, Anova bifactorial analysis of variance with repeated measurements was performed.
Results
Lipid peroxidation level (expressed as TBARS concentration) in the small intestine of rats infested for a short time (1.5 months) with H. diminuta was similar to control. At the same time, long-term (1.5 years) infestation of rats with H. diminuta caused significant (p ≤ 0.05) intensification of lipid peroxidation in small intestine, compared to control. Level of lipid peroxidation in the parts of small intestine with or without H. diminuta strobilas was similar. Fig. 1 . Concentration of TBARS (A) and GSH (B) in the small intestine of rat after short-and long-term invasion by H. diminuta tapeworm * -significant versus short-term invasion of rats with H. diminuta tapeworm (p ≤ 0.05) ** -significant versus small intestine of rat not invaded by H. diminuta (p ≤ 0.05) *** -significant versus part of small intestine of rat without H. diminuta strobilas (p ≤ 0.05) Significantly higher level of lipid peroxidation was found in the small intestine of control and infested old rats (over 1.5-year-old), compared to young rats (p ≤ 0.05) (Fig. 1A) . In the case of short-term H. diminuta invasion, concentration of GSH was similar in the small intestine of control and in its parts with or without strobilas of the tapeworm. Long-term invasion of rats with H. diminuta was accompanied by statistically significant (p ≤ 0.05) decrease of GSH concentration in the whole small intestine, compared to control animals. The highest concentration of GSH was noted in the small intestine of control rats. Just like in the case of lipid peroxidation level, significantly higher GSH concentration was found in the small intestine of old rats (p ≤ 0.05) (Fig. 1 B) . After short-time invasion of young rats by H. diminuta, in both parts of small intestine (with or without strobilas), significant decrease of activity of evaluated anti-oxidative enzymes was observed (Fig. 2 A) . In the part of rat small intestine without tapeworm's strobilas, significantly lower activity, in comparison to control, was shown for SOD1, SOD2, total GSHPx, GST and GSHR (p ≤ 0.05). Statistically significant (p ≤ 0.05) decrease of activity of SOD1 and SOD2, CAT, total GSHPx, SeGSHPx and GST was found in the part of small intestine with tapeworm's strobilas, compared to control. GSHR activity in this part was at the level of control.
Comparison of activity of anti-oxidative enzymes between the parts of small intestine with or without strobilas, demonstrated lower activity of SOD1, SOD2, CAT, total GSHPx and SeGSHPx in the part of intestine with a tapeworm. However, observed differences were statistically significant only for SOD1, total GSHPx and SeGSHPx. Activity of other enzymes in both parts of small intestine of rat infested with H. diminuta was at the similar level (Table 1) . Long-term invasion of rats with H. diminuta tapeworm caused statistically significant decrease of SOD1 and SOD2 (especially SOD2) activity in both, infested parts of small intestine. These changes were accompanied, in the part of intestine with strobilas, by statistically significant increase of total GSHPx, SeGSHPx and GSHR activity (p ≤ 0.05). Additionally SOD2 and GSHR activity was significantly higher in the fragment invaded at the moment by tapeworms (Fig. 2B) . Activity of SOD isoenzymes, especially SOD2, in short time invaded rats was statistically higher than in rats after longterm tapeworm invasion. Long-term presence of the tapeworm caused an increase of activity of CAT and GSHdependent enzymes (total GSHPx, SeGSHPx, GST and GSHR), compared to short-term invasion. At the same time, in the part of small intestine without a tapeworm, decreased activity of both SOD isoenzymes as well as increase of GST and GSHR activity was observed (p ≤ 0.05) ( Table 1) . Bifactorial analysis of variance ANOVA employed in our studies, allowed us to evaluate the influence and interactions of H diminuta tapeworm rat invasion and duration of parasitic invasion on the level of oxidative stress markers and changes in activity of anti-oxidative enzymes. Obtained results showed that both invasion of animals with H. diminuta tapeworm and length of parasitic invasion and interaction existing between these factors influence the level of oxidative stress markers (TBARS and GSH). Observed effects of changed activity of SOD1 and SOD2 in intestines of animals seem to be the effect of individual activity of each of evaluated factors, while activity of CAT, total GSHPx and SeGSHPx seem to be the effect of simultaneous activity of both factors together. None of evaluated factors influenced activity of GST. Duration of invasion and interaction of both factors decided about the changes of GSHR activity in small intestine of rats invaded by H. diminuta (Table 2) .
Discussion
Determination of oxidative stress parameters and activity of anti-oxidative enzymes in small intestine of rats invaded or not by H. diminuta, allowed evaluation of changes in enzymatic anti-oxidative system after short-and long-term invasion and establishment of ability of definitive host defense against the effects of parasite existence in alimentary tract, considering its motility in intestines. Especially important and valuable are results of studies concerning parasite-host setting after long-term tapeworm invasion.
Results obtained from this study show that the presence of H. diminuta tapeworm in small intestine of definitive host induces oxidative stress. It has been found that in the small intestine of young (after 1.5 months of invasion) and old rats (invaded for 1.5 years), a special role in inhibiting ROS is played by superoxide dismutases (SOD1 and SOD2), participating in elimination of superoxide radical anion, precursor of all oxygen radicals and their reactive derivatives. It seems that the activity of SOD in rat's small intestine is completed by total activity of glutathione peroxidase (total GSHPx), inhibiting not only hydrogen peroxide, but also organic superoxides. Participation of other evaluated anti-oxidative enzymes in the defense of small intestine against the effects of oxidative stress is decidedly lower and does not depend on age of rats. Decrease of SOD1, SOD2 and total GSHPx activity in older animals indicates strong oxidative stress and attenuation of anti-oxidative defense mechanisms. This is reflected in elevated levels of lipid peroxidation (TBARS) and significant increase of concentration of reduced glutathione (GSH). It is known that in physiological conditions, GSH is not only a co-substrate for the enzymes of glutathione redox cycle, but also fulfils the function of cellular "thiol buffer", which very effectively counteracts effects of -SH group oxidation. This prevents the loss of biological activity of many functional cell proteins (Hayes & McLellan, 1999; Sies, 1999; Sen, 2000; Pastore et al., 2003) . High concentration of GSH in small intestine of rats after 1.5 years of experiment, with relatively low activity of GSH-dependent enzymes, points to its participation in direct scavenging of free radicals (Sies, 1999) . Short-term invasion of rat by H. diminuta tapeworm, causing oxidative stress in the host, may promote inflammatory changes in host's small intestine. This is confirmed by low activity of evaluated anti-oxidative enzymes, especially in the part of small intestine that is exposed to direct contact with the parasite. Decrease of activity of anti-oxidative enzymes in the small intestine of invaded rats, compared to the rats from the control group, may be caused by disturbed balance of oxidation and reduction processes, as well as loss of the ability to inhibit ROS. Unfortunately, this leads to higher inefficiency of enzymatic anti-oxidative system (Conner & Grisham, 1996; Gate et al., 1999) . Chronic presence of tapeworms in the small intestine of rats disturbs the pro-oxidative/anti-oxidative balance. This fact is evidenced by the fall of GSH concentration, elevated level of lipid peroxidation and significant decrease of SOD1 and SOD2 activity, which is accompanied by the increase of activity of CAT, total GSHPx, SeGSHPx and GSHR in the part of small intestine with H. diminuta strobilas. Observed differences in the level of evaluated parameters in the small intestine of infested rats, compared to the intestine of control rats, show oxidative stress and further excitation of pro-oxidative processes in the cells of intestinal mucosa. Early and secondary mediators released in these processes, such as cytokines, interleukins (IL1-IL18); interferons (IFN-a, b, g); tumor necrosis factor (TNF-a, TNF-b), arachidonic acid metabolites (prostaglandins, leukotrienes, thromboxanes) and ROS formed in excess, may damage the cells of mucosa (Dzik, 2006) . Decreased activity of SOD1 and SOD2, being the key enzymes of anti-oxidative system, may be caused by the disturbances in the balance between the processes forming and inhibiting ROS. Superoxide dismutase, decomposing superoxide radical anion, prevents formation of other reactive oxygen derivatives, which hinder triggering cascade of unfavorable biological cellular phenomena by ROS (e.g. lipid peroxidation, protein oxidation, DNA mutations) (Fridovich, 1997; Zelko et al., 2002; Fattman et al., 2003) . Accumulation of high amounts of ROS resulting from superoxide radical anion, fosters further changes in the small intestine. Increase of activity of CAT, total GSHPx and SeGSHPx, responsible for elimination of hydrogen peroxide or lipid peroxides in the small intestine of rat, after long-term tapeworm infestation, points to defense of host intestinal mucous cells against the lesions caused by ROS accumulation. At the same time, high activity of GSHR in the small intestine of rats with tapeworms, documents involvement of this enzyme in regeneration of reduced GSH from oxygenated glutathione (GSSG). The presence of GSH is necessary in reactions catalyzed by GSH-dependent enzymes. This indicates close relationship of defense mechanisms in the small intestine of the host during H. diminuta invasion. Long-term (1.5 years) presence of parasites in the small intestine of rats, compared to shorter time of their direct contact (1.5 months), clearly shows the change in antioxidative profile in the small intestine of the host. In chronic invasion of rats by H. diminuta, attention is brought to significant decrease of SOD1 and SOD2 activity, as well as elevation of activity of CAT and GSHdependent enzymes, in the part of small intestine exposed to direct contact with the tapeworm (the part of rat's small intestine containing strobilas of the tapeworm). In the part of rat's small intestine without strobilas of the tapeworm, or in the part not exposed to direct contact of the parasite with the host organism, activity of SOD1 and SOD2 is decreased, while activity of GST and GSHR increases significantly. Activity of other anti-oxidative enzymes (CAT, total GSHPx, SeGSHR) remains at the same level, as in the small intestine of rats after short-term invasion. Increase of activity of GSH-dependent enzymes points to their participation not only in decomposition of hydrogen peroxide, but also organic superoxides and endo-and exogenous electrophilic compounds. Changes of GSH and TBARS level, as well as increase of activity of GSH-dependent enzymes, especially GST and GSHR, in the small intestine of rats, both in the case of short-and long-term invasion, indicate oxidative stress. GST is an enzyme responsible for the formation of S-conjugates with endo-and exogenous electrophilic compounds from GSH, including lipid peroxidation products, which leads to their inactivation and decrease of toxicity. At the same time, GSHR regenerates the pool of reduced form of glutathione in the cell. Observed increased level of lipid peroxidation, differences in GSH concentration and activity of anti-oxidative enzymes in the small intestine of rat exposed to short-term invasion by the tapeworm, compared to longer time of exposition of small intestine mucous membrane to parasite, indicate gradual depletion of anti-oxidative defense mechanisms. Meanwhile, increase of activity of GSHdependent enzymes, especially GST and GSHR, in the small intestine exposed for a longer time to direct contact with the tapeworm, suggests adaptation of mucous cells to functioning in the conditions of oxidative stress. Inefficiency of anti-oxidative system hinders ROS elimination in the small intestine, which limits its ability to function in the conditions of oxidative stress occurring in the result of H. diminuta invasion.
Results obtained in this study confirm also recently published data, indicating that in the course of H. diminuta invasion, impairment of anti-oxidative defense mechanisms occurs in the small intestine of rat, which may cause changes typical for parasitic invasions (Shin et al., 2009; Kosik-Bogacka et al., 2011) .
Conclusions
Observed changes in the level of GSH and TBARS as well as activity of anti-oxidative enzymes indicate that shortterm and chronic exposition of rat's small intestine to direct contact with the tapeworm (parts of small intestine with H. diminuta strobilas or without them), leads to attenuation of anti-oxidative defense mechanisms. Profile of activity of anti-oxidative enzymes in the small intestine of rats after long-term H. diminuta tapeworm invasion suggests adaptation of the definitive host organism to oxidative stress and defense against results of parasitic invasion.
